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Abstract A novel Gram-stain-positive, motile,
hemolytic, endospore-forming and rod-shaped bacte-
rium was isolated and designated as strain GI-
ESS003T. The strain grew optimally at 35 C, at pH
7.0–7.5, and with 3.0–3.5 % (w/v) NaCl. The 16S
rRNA gene sequence analysis indicated that strain
GIESS003T was associated with the genus Ornithini-
bacillus and was most closely related to the type strain
of Ornithinibacillus contaminans (96.5 % similarity).
The major cellular fatty acids were iso-C15:0 and
anteiso-C15:0. The polar lipids were diphosphatidyl-
glycerol and phosphatidylglycerol. The major
respiratory quinone was menaquinone-7. Strain GI-
ESS003T contained a peptidoglycan of type A4b
L-Orn-D-Asp. The G?C content of genomic DNA was
40.1 mol%. On the basis of polyphasic evidence from
this study, a new species of the genus Ornithinibacil-
lus, Ornithinibacillus heyuanensis sp. nov., is pro-
posed, with strain GIESS003T (=KCTC 33159T=
CCTCC 2013106T) as the type strain.
Keywords Ornithinibacillus heyuanensis sp.
nov  Polyphasic taxonomy  A4b type
peptidoglycan
Introduction
The genus Ornithinibacillus, belonging to the family
Bacillaceae, was proposed in 2006 by Mayr et al.
(2006) with two species, Ornithinibacillus bavarien-
sis, from pasteurized milk in Bavaria, Germany, and
Ornithinibacillus californiensis from coastal surface
sediments in California, USA. Subsequently, four
more species, Ornithinibacillus contaminans
(Ka¨mpfer et al. 2010), Ornithinibacillus scapharcae
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(Shin et al. 2012), Ornithinibacillus halophilus (Ba-
gheri et al. 2013) and Ornithinibacillus halotolerans
(Lu et al. 2014) have been described. The species in
this genus are halotolerant to moderately holophilic,
characterized by a 36–41 mol% G?C content, the
major fatty acids of anteiso-C15:0 and iso-C15:0, the
predominate menaquinone of MK-7, and especially
the peptidoglycan type of A4b (L-Orn-D-Asp) (Mayr
et al. 2006). The aim of the present study was to
establish the taxonomic status of a novel bacterial
strain GIESS003T which is supposed to represent a
novel species of the genus Ornithinibacillus.
Materials and methods
Bacterial strain and culture conditions
Strain GIESS003T was isolated from the anode bio-
film of a microbial fuel cell incubated at 35 C in our
laboratory which was inoculated with waterlogged
paddy soil from Heyuan City, Guangdong Province,
South China. The sample was collected at about 10 cm
below the paddy soil surface and had a pH of 7.5, a
total organic carbon of 5 % and a total N of 0.4 %.
Bacterial isolation and purification were performed
using the method described by Zhou et al. (2013). The
enriched population was serially diluted, plated on the
surface of nutrient agar (NA, pH 7.2) containing 5 g
peptone, 3 g beef extract, 5 g NaCl and 15 g agar per
liter deionized water and incubated at 35 C for
2 days. Single colonies were picked and sub-cultiva-
tion was done under the same conditions until purified
colonies were obtained. The strain was preserved at
-80 C in nutrient broth (NB) supplemented with
15 % (v/v) glycerol.
For phenotypic characterization and comparative
purposes in our study, the reference strains Ornithini-
bacillus contaminans DSM 22953T, Ornithinibacillus
bavariensis DSM 15681T, Oceanobacillus profundus
DSM 18246T and Oceanobacillus iheyensis DSM
14371T were purchased from the German Collection
of Microorganisms and Cell Cultures (DSMZ), and
Oceanobacillus caeni KCTC 13061T was purchased
from Korean Collection for Type Cultures (KCTC).
Unless otherwise indicated, studies of the new isolate
were performed in NB at pH 7.2 and 35 C.
Morphological, physiological, and biochemical
characterization
In order to characterize the new isolate, the following
experiments were undertaken. Cell morphology was
observed with a JEM 1400 transmission electron
microscope (JEOL, Japan) after cells were grown on
NA for 12 h at 35 C. In preparation for transmission
electron microscopy, bacterial cells were suspended in
phosphate buffer solution (140 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4),
dried on a nickel-coated mesh, and negatively stained
with phosphotungstic acid. The Gram staining reaction
was carried out using the method of Doetsch (1981)
and observed with a light microscope (Olympus
U-CMAD, Japan). The presence of endospores was
observed using the Schaeffer–Fulton staining method
(Murray et al. 1994). Bacterial hemolysis was assessed
on blood agar plates (HKM, China). Motility was
determined using semisolid agar (Tittsler and Sand-
holzer 1936). Catalase activity was determined by
observing bubble production in 3 % (v/v) hydrogen
peroxide solution and oxidase activity was determined
using an oxidase reagent (BioMe´rieux). The hydrolysis
of Tween 20, Tween 80, casein, starch and gelatin were
tested as described by Dong and Cai (2001). The
colonies on NA were picked out carefully without the
medium, resuspended in 0.85 % NaCl solution and
used as inoculants for examination of other physiolog-
ical and biochemical properties using the API 20E and
API 50CH systems (bioMe´rieux) according to the
manufacturer’s instructions at 35 C. To determine the
optimal temperature for growth, the strain in NB was
incubated at temperatures of 15–60 C at intervals of
5 C. NaCl tolerance for growth was examined in
0–10 % NaCl (w/v) with increments of 0.5 %. pH
range (4–11) for growth was determined in NB using
the following buffer systems: pH 4.0–5.0, 0.1 M citric
acid/0.1 M sodium citrate; pH 6.0–8.0, 0.1 M
KH2PO4/0.1 M NaOH; pH 9.0–10.0, 0.1 M NaHCO3/
0.1 M Na2CO3; pH 11.0, 0.05 M Na2HPO4/0.1 M
NaOH (Zhang et al. 2009). Anaerobic growth was
carried out on media NA and LB agar in anaerobic
chambers (Sheldon Manufacturing Inc.) for up to
10 days. Growth was monitored by turbidity at OD600
using a spectroscopic method (Persee TU-1810,
China). All of the tests were performed in duplicate.
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Chemotaxonomic characterization
For determination of chemotaxonomic characteristics,
cells grown in NB at 35 C for 16 h were harvested by
centrifugation, washed with distilled water and freeze-
dried. For the extraction of menaquinones, freeze-
dried cell material was extracted with methanol
according to Collins et al. (1977) and analyzed with
HPLC (Agilent 1260) as described by Groth et al.
(1996). Polar lipids were extracted, separated by two-
dimensional thin layer chromatography (TLC) and
identified by different spray reagents: molybdophos-
phate for total lipids, molybdenum blue for phospho-
lipids, ninhydrin reagent for amino-containing lipids
and alpha-naphthol reagent for glycolipids. The fatty
acids in the whole cells were extracted using the
standard protocol of MIDI (Sherlock Microbial Iden-
tification System, version 6.0B), analyzed by gas
chromatography (Agilent Technologies 6850, Amer-
ica) and identified using the Microbial Identification
software package (Sasser 1990) based on the TSBA6.0
database. Cell-wall peptidoglycan amino acids were
extracted (4 M HCl, 100 C, 16 h) and identified by
one-dimensional TLC on a cellulose plate with
standard amino acids according to the method of
Bousfield et al. (1985). The DNA G?C content was
determined by HPLC according to the method of
Mesbah et al. (1989).
Phylogenetic analysis
Genomic DNA was extracted according to the stan-
dard procedure (Sambrook and Russell 2001). The
amplification of the 16S rRNA gene was performed
with primer pair 27F (50-AGAGTTTGATCCTGGCT-
CAG-30) and 1492R (50-GGTTACCTTGTTACG-
ACTT-30) (Weisburg et al. 1991). The PCR product
was gel purified using Gel Extraction kit D2500-01
(Omega Bio-tek) and then cloned into a plasmid vector
using a TA cloning kit (TaKaRa). The 16S rRNA gene
cloned in the plasmid vector was sequenced using
primers M13r (50-CAGGAAACAGCTATGACC-30)
and M13-47f (50-CGCCAGGGTTTTCCCAGTCAC-
GAC-30), and an almost complete 16S rRNA gene
sequence (1487 bp, the GenBank accession number is
KF317693) of GIESS003T was determined. Identifi-
cation of phylogenetic neighbours and the calculation
of pairwise 16S rRNA gene sequence similarities were
achieved using the EzTaxon-e server (http://eztaxon-
e.ezbiocloud.net/; Kim et al. 2012). Multiple align-
ments were performed using the CLUSTAL X pro-
gram (Thompson et al. 1997). Phylogenetic trees were
constructed using the MEGA 5.0 program with the
neighbour-joining and minimum-evolution methods
(Tamura et al. 2011). The substitution model maxi-
mum composite likelihood method was chosen. Sta-
tistical support for the branches of the phylogenetic
trees was determined using bootstrap analysis (based
on 1,200 re-samplings).
Results and discussion
The 16S rRNA gene sequence analysis showed that
strain GIESS003T had the highest 16S rRNA gene
sequence similarities to O. contaminans DSM
22953T (96.5 %), O. profundus (95.6 %) DSM
18246T, O. bavariensis DSM 15681T (95.1 %) and
O. caeni KCTC 13061T (95.1 %). In the phyloge-
netic analyses, strain GIESS003T formed a separate
branch on the neighbour-joining and minimum
evolution trees (Fig. 1; Supplementary Fig. S1) and
related to both genera Ornithinibacillus and Ocean-
obacillus. The above results suggested that the novel
isolate was affiliated with the two genera of Ornith-
inibacillus and Oceanobacillus. Given the low levels
of 16S rRNA gene sequence similarity (\97 %)
between strain GIESS003T and its phylogenetic
neighbours, DNA–DNA hybridization studies were
not carried out.
Strain GIESS003T was Gram-stain-positive and
motile with peritrichous flagella (Supplementary Fig.
S2). Spherical to ellipsoidal endospores were formed
at the terminal position in slightly swollen sporangia
(Supplementary Fig. S3). Hemolysis was positive for
strain GIESS003T after 3 days of incubation at 35 C.
Cells were rods with a width of 0.4–0.6 lm and a
length of 2.2–2.5 lm. When grown for 2 days at
35 C on NA medium, the colonies were circular,
convex, smooth, white and with a diameter of 0.4 mm.
This isolate was moderately halotolerant, growing
optimally in media containing 3.0–3.5 % (w/v) NaCl
and tolerant up to 9.5 % (w/v) NaCl. Strain GI-
ESS003T grew at pH 6.0–10.0 and optimally at pH
7.0–7.5. Cell growth was not observed in test medium
under anaerobic conditions. Other phenotypic features
are included in Table 1, Table S1 and the new species
description.
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The polar lipid profile of strain GIESS003T con-
tained diphosphatidylglycerol (DPG) and phosphati-
dylglycerol (PG) (Supplementary Fig. S4) as the
predominant polar lipids. The major isoprenoid qui-
none in strain GIESS003T was MK-7. The G?C
content of the genomic DNA of strain GIESS003T was
40.1 mol%, which is in accordance with values for
species of the genus Ornithinbacillus (36–41 mol%;
Mayr et al. 2006). The cell-wall peptidoglycan amino
acids of strain GIESS003T contained L-ornithinine, L-
alanine, D-aspartic acid and D-glutamic acid. Based on
the amino acid composition, the new isolate had a
peptidoglycan type of A4b L-Orn-D-Asp, which was
typical for members of the genus Ornithinbacillus
(Mayr et al. 2006; Ka¨mpfer et al. 2010; Shin et al.
2012; Bagheri et al. 2013). In contrast, the genus
Oceanobacillus had a peptidoglycan type of A1c
(meso-diaminopimelic acid direct) (Mayr et al. 2006),
which was found in the majority of genera in the
family Bacillaceae.
The fatty acid profile of strain GIESS003T con-
tained a majority of anteiso-and iso-branched fatty
acids and was very similar to those of type strains of
species of the genus Ornithinibacillus (Table 2).
Strain GIESS003T had iso-C15:0 (26.9 %) and
anteiso-C15:0 (17.0 %) as the major cellular fatty
acids, as is the case for other species belonging to the
genus Ornithinibacillus. In previous studies, the iso-
C15:0/anteiso-C15:0 ratio was also an important feature
for distinguishing species of genera Oceanobacillus
and Ornithinibacillus (Mayr et al. 2006), that is, [1
for genus Ornithinibacillus and \1 for genus Ocean-
obacillus. In our study, the ratio of iso-C15:0/anteiso-
C15:0 [1 in stain GIESS003
T suggested its affiliation
to the genus Ornithinibacillus rather than the genus
Oceanobacillus.
The analyses based on the 16S rRNA gene
sequences indicated the affiliation of the new isolate
to the genera Ornithinibacillus and Oceanobacillus.
Nevertheless, several phenotypic and chemotaxo-
nomic characteristics (Table 1), such as hemolysis,
halo-tolerant and the major fatty acids and the ratio of
iso-C15:0 to anteiso-C15:0, suggested that strain
GIESS003T is a member of the genus Ornithinibacillus.
In particular, a unique feature of this strain is the
presence of A4b type cell-wall peptidoglycan, which
is in accordance with all other members of the genus
Ornithinibacillus. However, strain GIESS003T can be
separated from its related Ornithinibacillus species by
the low 16S rRNA gene sequence similarities between
Ornithinibacillus heyuanensis GIESS003T (KF317693)
Ornithinibacillus bavariensis WSBCT 24001 (Y13066)
Ornithinibacillus scapharcae TW25T (AEWH01000025)
Ornithinibacillus halophilusT G8B (HQ433440)
Ornithinibacillus californiensisT MB-9 (AF326365)
Ornithinibacillus halotoleransT GD04 (KC311560)
Ornithinibacillus contaminans CCUG 53201T (FN597064)
Oceanobacillus picturae LMG 19492T (AJ315060)
Oceanobacillus profundus CL-MP28T (DQ386635)
Oceanobacillus polygoni SA9T (AB750685)
Oceanobacillus caeni S-11T (AB275883)
Oceanobacillus indicireducens A21T (AB623011)
Oceanobacillus chironomi LMG 23627T (DQ298074)
Oceanobacillus iheyensis HTE831T (BA000028)
Oceanobacillus locisalsi CHL-21T (EU817570)
Oceanobacilluls sojae Y27T (AB473561)
Oceanobacillus neutriphilus A1gT (EU709018)
Amphibacillus marinus J1T (GU213062)
98
74
91
70
99
57
59
61
0.005
88
Fig. 1 Phylogenetic tree constructed based on 16S rRNA gene
sequences of strain GIESS003T and related strains using the
neighbor joining method. Amphibacillus marinus J1T was used
as the out-group. Bootstrap values, generated from 1,200 re-
samplings, at or above 50 % are indicated at the branching
points. Bar 0.01 nucleotide substitutions per nucleotide position
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them, its physiological and biochemical characters
(growth temperature, motility and hydrolysis of gel-
atin, etc.) and chemotaxonomic features (relatively
high G?C content, high C18:1x7c/C18:1x6c and low
anteiso-C17:0 contents). On the basis of these data,
strain GIESS003T is believed to represent a novel
species of the genus Ornithinibacillus, and the name
O. heyuanensis sp. nov. is proposed.
Description of Ornithinibacillus heyuanensis sp.
nov.
Ornithinibacillus heyuanensis [he.yu.an.en’sis. N.L.
masc. adj. heyuanensis of or pertaining to Heyuan, a
city in South China, from which the type strain was
isolated].
Cells are Gram-stain-positive, motile, endospore-
forming rods, 0.4–0.6 by 2.2–2.5 lm in size. Colonies
are circular, convex, white, 0.4 mm in diameter on NA
medium after 48 h of incubation at 35 C. Moderately
halotolerant, grows over a wide range of NaCl
concentrations (from 0 to 9.5 % w/v NaCl) with
optimal growth at 3.0–3.5 % (w/v) NaCl. Grows at
25–50 C (optimally at 35 C) and pH 6.0–10.0
(optimally at pH 7.0–7.5). Catalase and oxidase are
positive. Casein is hydrolyzed but starch, gelatin,
esculin, Tween 40, 60 and 80 are not. Indole and H2S
production, urease activity and nitrate reduction are
negative. Acid is produced from glycerol, D-glucose,
potassium 5-ketogluconate and ketone but not from D-
arabinose, D-ribose, D-xylose, D-fructose, D-mannose,
L-sorbose, D-mannitol, D-sorbitol, N-acetylglucosa-
mine, amygdalin, arbutin, esculin ferric citrate, salicin,
D-cellobiose, D-maltose, D-saccharose, D-trehalose,
starch, glycogen, xylitol, gentiobiose, D-tagatose, D-
arabitol, L-arabinose, L-xylose, D-arabinitol, methyl-D-
xylose glycoside, D-melibiose, D-melezitose, D-raffi-
nose, D-turanose, D-lyxose, D-fucose, L-fucose, D-
galactose, L-rhamnose, dulcitol, inositol, a-methyl-D-
mannoside and a-methyl-D-glucopyranoside. b-Galac-
tosidase, arginine dihydrolase, ornithine decarboxyl-
ase, lysine decarboxylase and tryptophan deaminase
tests are negative. Haemolysis is observed after
incubation for 2 days at 37 C on blood agar. The
following compounds are utilized as sole source of
carbon and energy: a-D-glucose, sucrose, D-ribose,
itaconic acid and 5-ketogluconate. The following
compounds are not utilized as sole source of carbon
and energy: mannitol, salicin, D-melibiose, L-fucose, D-
sorbitol, L-arabinose, propionate, valerate, citrate,
histidine, 2-keto gluconate, 5-keto gluconate, 3-alkyl-
butyrate, 4-hydroxy benzoic acid salt, L-proline, L-
alanine, L-serine, rhamnose, N-acetylglucosamine,
inositol, maltose, suberate, malonate, oxalic acid, D-
lactate, glycogen and 3-hydroxyl benzoic acid salt. The
major isoprenoid quinone is MK-7. The peptidoglycan
is of type A4b L-Orn-D-Asp. Major cellular fatty acids
are anteiso-C15:0 and iso-C15:0. Major polar lipids are
DPG and PG. The DNA G?C content of the type strain
is 40.1 mol% (HPLC).
The type strain GIESS003T (=KCTC 33159T=
CCTCC 2013106T) was isolated from soil in Guang-
dong Province, People’s Republic of China. The
GenBank accession number for the 16S rRNA gene
sequence of O. heyuanensis GIESS003T is KF317693.
Table 2 Cellular fatty acid profiles of strain GIESS003T and
its closest relatives
Fatty acid (%) 1 2 3 4 5 6
Saturated straight-chain
C16:0 5.4 4.9 4.0 3.9 7.7 7.0
C17:0 6.2 – – – – –
C18:0 9.5 1.6 1.1 – – 4.2
Unsaturated straight-chain
C18:1x9c 5.9 1.8 1.3 1.2 1.8 1.9
Summed feature 3a 1.7 – – 2.1 – –
Summed feature 8a 13.0 1.2 – 1.1 – 3.2
Saturated branched-chain
Iso-C13:0 1.5 – – – – –
Iso-C14:0 3.3 – 1.6 11.7 – 1.3
Iso-C15:0 26.9 39.6 28.1 6.1 17.2 21.7
Iso-C16:0 4.6 18.5 6.2 12.6 21.3 2.8
Iso-C17:0 2.6 17.4 9.3 1.4 15.4 8.9
Anteiso-C15:0 17.0 6.9 22.7 47.6 18.9 29.8
Anteiso-C17:0 4.8 7.8 23.2 10.4 14.9 12.4
Strains: 1, Ornithinibacillus heyuanensis sp. nov. GIESS003T;
2, Ornithinibacillus contaminans DSM 22953T; 3,
Ornithinibacillus bavariensis DSM 15681T; 4, Oceano
bacillus profundus DSM 18246T; 5, Oceanobacillus caeni
KCTC 13061T; 6, Oceanobacillus iheyensis DSM 14371T.
Data were obtained in this study. Values are percentages of
total fatty acids;-fatty acids representing \1.0 % of the total
a Summed features are groups of two or three fatty acids that
cannot be separated by GLC using the MIDI system. Summed
feature 3 comprises C16:1x7c and/or C16:1x6c. Summed
feature 8 comprises C18:1x7c and/or C18:1x6c
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